Clathrin-mediated endocytosis is the major process by which transmembrane proteins are internalized from the cell's limiting membrane into the first compartment of the endosomal system, the early endosome. From here, these transmembrane cargo proteins, which are of widely varying type and function, are trafficked to their required destination. Endocytosis plays, therefore, an important role in cell signalling, nutrient uptake, cellular homoeostasis and the interaction of the cell with its external environment. The formation of clathrin-coated endocytic vesicles requires the complex interplay of many proteins with each other and with the membrane itself. Their formation has served as a paradigm for formation of all types of transport vesicle, which move cargo between the various membrane-bound compartments of the cell. Clathrin-coated vesicles (CCVs) possess three layers: the inner membrane layer, in which the transmembrane cargo is embedded, linked to the outer clathrin lattice by a layer of cargo-binding adaptors and proteins that aid and regulate vesicle formation. Protein X-ray
Introduction
More than a century ago Camillo Golgi, after whom the Golgi is named, showed the presence of internal membranebound cavities in cells by light microscopy [1] . The list of membrane-bound internal organelles now also includes the endoplasmic reticulum, the lysosome and a bewildering array of endosomal compartments, including early, late and recycling endosomes and multivesicular bodies (MVBs). They serve to increase the surface-area-to-volume ratio of the cell, and provide a location distinct from the cytoplasm where reactions including glycosylation, proteolytic processing and degradation can take place. The identity of an organelle or domain of an organelle is defined by the protein and lipid composition of the membrane that borders it, since these define what reactions take place on both sides of its membrane.
In order to maintain organelle membrane identity and function, transmembrane proteins along with their bound luminal cargo and lipids, most especially the major membrane identity markers (the polyphosphatidylinositols), must be transported between organelles ( Figure 1 ). It is generally accepted that transport between membranes is mediated by 60-100-nm-diameter spherical vesicles, such as that first seen under the electron microscope by Dalton and Felix in the 1950s clustered around the Golgi [2] . The presence of tubules and larger carrier compartments has been demonstrated (reviewed in [3] ), but these fit into the vesicle-trafficking model since they can be considered either as large vesicles whose formation and destruction occurs in a similar manner to those of a vesicle, or as a small organelle from which vesicles can bud. A direct consequence of vesicle trafficking is that although organelles are isolatable entities, definable by the proteins in them, their membranes and luminal content are in dynamic equilibrium with each other. During vesicle trafficking, a portion of the membrane into which the correct cargo has been sorted is pinched off to form a transport vesicle. The vesicles will most likely then be coupled to components of the cytoskeleton to allow efficient delivery to target organelle membranes. Once there, the vesicle is probably tethered to or docks with the target membrane before finally fusing with it. From its birth, a vesicle must therefore contain the seeds of its own destruction, namely proteins that will drive coat disassembly and SNARE (SNAP receptor; where SNAP is 'soluble N-ethylmaleimidesensitive factor attachment protein') proteins which allow its ultimate fusion with its target membrane (reviewed in [4] ).
Transport vesicles are defined by the protein coat used in their formation, and also by the cargo they contain, although the latter is largely determined by the coat itself. At least ten different transport vesicle coats, and therefore classes of transport vesicle, have been identified to date, each of which mediates a different pathway between two or more organelles [5] . The job of the coat is to both select cargo and to aid in the actual mechanical formation of the vesicle through its ability to interact dynamically with other components of the vesicle formation machinery. Although it is widely believed that all the major coats have now been identified [6] , many subtle variations in coat and therefore vesicle identity may arise due to splice forms of the coat's major components and/or the presence of stoichiometrically minor components. One of the major classes of transport vesicle is the clathrin-coated vesicles (CCVs), so called because clathrin is the predominant protein present in their coats. CCVs can be subdivided on the basis of the other major protein components (the adaptors) present in their coats. Our work has centred on components of clathrin coats involved in the formation of CCVs that mediate endocytosis from the cell's limiting membrane, and those that mediate transport between the trans-Golgi network (TGN) and the endosome. Most protein internalization from the cell's limiting membrane occurs by the process of clathrin-mediated endocytosis (CME) [7] . It has been the most extensively studied process of vesicle genesis, and has served as the paradigm for all vesicle formation events. Protein and lipid which have been packaged into CCVs are internalized and delivered to the early endosome, the first part of the endosomal system. From the early endosome, the cargo can follow various pathways ( Figure 1 ). It may recycle directly to the cell surface for reuse. This may occur either immediately (as is the case for nutrient receptors) or (as in the case of synaptic vesicle fusion proteins) after waiting in a 'pool' until the proper stimulus is received. Cargo may also move on to the Golgi apparatus (for example, Golgi marker proteins such as TGN38) or continue through the endocytic pathway to the 'late' endosome and ultimately to the lysosome, where it may end up being degraded by hydrolytic enzymes, as is the case, for example, for activated growth factor receptors. The protein cargo carried in endocytic vesicles includes signalling receptors such as peptide growth factor and chemokine receptors, nutrient receptors, gated channels, pores and pumps, markers of membrane identity and transmembrane proteins involved in cell-cell and cell-substratum contacts. CME therefore plays a key role in cell signalling, division and differentiation, homoeostasis and the interaction of the cell with its surroundings. Endocytosis, or at least coated vesicles in various states of formation at the cell membrane, were first visualized by Roth and Porter [7a] in the 1960s in mosquito oocytes. The process can now be visualized in real time by live cell imaging of cells taking up fluorescently labelled ligands.
The isolation of CCVs by density centrifugation led to the identification of clathrin in the mid-1970s by Barbara Pearse [8] . Clathrin was shown to be a heterodimer of a heavy chain (approx. 190 kDa) and a light chain (approx. 30 kDa) [9, 10] that trimerized to form triskelia, which are the building blocks of the polyhedral coat that can be seen on the outside of coated vesicles [11, 12] . Empty clathrin 'cages' could be formed from this purified clathrin in vitro, but only under non-physiological conditions. In order to achieve assembly under physiological conditions, 'assembly polypeptide' or 'coating factor' was required [13] . The resulting clathrin/assembly polypeptide cages have now been imaged at 21 Å (1 Å ≡ 0.1 nm) resolution by electron microscopy ( Figure 2 ) [14] . Assembly polypeptide was originally believed to be a single 120 kDa protein that was seen as the next most abundant component of CCVs after clathrin itself. It finally turned out to be a mixture of two heterotetrameric complexes that became known as AP1 and AP2 clathrin adaptors [15] . Immunocytochemistry showed that AP2-containing vesicles were derived from the plasma membrane and mediated CME, whereas AP1-containing vesicles are involved in trafficking between the Golgi and the endosomal system [16] . In addition to AP2, upwards of 30 proteins have been identified as components of endocytic CCVs or their precursors, termed coated pits. These include proteins with diverse functions, such as membrane-lipid-binding proteins [AP180 (adaptor protein 180)/CALM (clathrin assembly lymphoid myeloid leukaemia protein) and amphiphysin] and modifying enzymes (synaptojanin and endophilin), chaperones (a complex of auxilin and Hsc70), the endocytic protein kinases AAK1 (α-adaptin-associated kinase 1) and GAK, specialized cargo-binding proteins (Dab2, ARH and epsin) and the mechanochemical GTPase dynamin (for reviews, see [17] [18] [19] ).
CCVs and clathrin-coated pits can be considered as having a three-layered structure, consisting of an inner membrane layer with its embedded transmembrane protein cargo linked to the outer clathrin layer by a middle layer of adaptor molecules (Figure 2 ). These 'adaptors' include the heterotetrameric AP1 and AP2 proteins, and many other components of the CCV formation machinery, such as the GGAs [Golgi-associated, γ -adaptin homology, ADPribosylation factor (ARF) binding proteins], AP180/CALM and the epsins. This disparate group of proteins with no obvious sequence homology found in the middle layer of CCVs are termed 'adaptors', because they are all able to bind simultaneously to clathrin and some component of the membrane. They all share a common design that allows them to cross-link between the two layers: discretely folded domains joined together by long flexible linkers [17] (Figure 3) . The domains bind to cargo, membrane or short linear motifs that are dotted throughout the linkers of other adaptors, thus establishing dynamic networks of these proteins. Leu--(Asp/Glu)--(Asp/Glu) clathrin box motifs (where ' ' is a bulky hydrophobic amino acid, i.e. leucine, isoleucine, phenylalanine, methionine or valine) are also present in the flexible linkers of these adaptors, and mediate the binding of the adaptors to clathrin through its N-terminal β-propeller [20, 21] .
The remainder of this article will concentrate on the structure and function of the clathrin cargo adaptors, especially Models of (from the left) GGA1, epsin, AP2 and AP180/CALM were created using the domain structures ('knots') solved by protein X-ray crystallography. The extended linkers ('strings') are modelled as extended 'random coil', on the basis of biophysical measurements.
the heterotetrameric AP2 complex that plays a pivotal role in endocytic CCV formation.
AP2 adaptor complex
The 'heterotetrameric AP family' contains five members: AP1, AP2, AP3, AP4 and the β, γ , δ, ζ subcomplex of COPI (there are also subtypes of each complex due to the presence of tissue-specific isoforms of some of the subunits; [6] ). Knocking out AP1 and AP2 is embryonically lethal ( [22] and Juan Bonifacino, personal communication), whereas removal of the AP3 complex in humans, mice and Drosophila is not lethal, but it does cause alterations in pigmentation and platelet function [23, 24] .
All AP complexes comprise two large subunits (α and β2 in AP2), a medium subunit (µ2 in AP2) and a small subunit (σ 2 in AP2) (reviewed in [19] ). The large subunits can be subdivided into a trunk (70-75 kDa) and an appendage domain (≈30 kDa) joined by an extended, proteolytically sensitive flexible linker. Under the electron microscope, AP complexes appear as a large central 'brick-like' core flanked by two smaller appendages [25] . Work from a large number of groups has shown that AP2 plays a central role in endocytic CCV formation through its ability to bind to clathrin, membrane phospholipid and protein cargo and also to recruit many other components of the CCV formation machinery ( Figure 4 ). AP2 interacts with clathrin through the β2 hinge and appendage domains [21, 26] , while the α and β2 appendage domains recruit the accessory adaptors and regulatory proteins. The trunk domain of the α subunit and the medium subunit both bind phosphatidylinositol polyphosphate phospholipids, and these latter interactions that play accessory roles in CCV formation. Both bind to clathrin through sequences in the flexible linkers and to cargo. AP2 interacts with phospholipid membranes directly through the binding of PIP 2 to its α and µ2 subunits, whereas GGAs bind via the small GTPase Arf in its membrane-associated, GTP-bound form. Although the function of both may be regulated by phosphorylation, the only well-characterized event is catalysed by the kinase AAK1 on Thr-156 of the µ2 subunit.
are largely responsible for targeting AP2 to the plasma membrane [27] [28] [29] . AP2 also binds to the short peptide sequences (trafficking motifs) on transmembrane cargo that mark them for incorporation into transport vesicles: TyrXaa-Xaa-motifs to the C-terminal domain of µ2 [30, 31] , and 'acidic di-leucine' [(Asp/Glu)-Xaa-Xaa-Xaa-Leu-Leu] motifs at an unknown site.
Three years ago a new family of clathrin adaptors, the GGAs, were identified on the basis of the sequence homology between their C-terminal 150 amino acids and the appendage domain of the AP1 large subunit γ -adaptin, which is homologous with the α subunit of AP2 [32, 33] . The GGAs are involved in the formation of CCVs, which traffic between the TGN and the endosomal system and co-localize with TGN markers in vivo [34] [35] [36] . These adaptors possess threefolded domains, an N-terminal VHS domain, a GAT domain and a C-terminal appendage domain. These domains interact with Asp-Xaa-Xaa-Leu-Leu di-leucine-trafficking motifs on transmembrane protein cargo [37, 38] , the small GTPase Arf1 in its GTP-bound, membrane-associated form [39] (responsible for targeting GGAs to the TGN membrane) and accessory adaptors/regulatory proteins [40, 41] respectively (Figure 4) . A long flexible linker that contains clathrinbinding motifs connects the GAT domain to the appendage domain. Thus, by virtue of their multidomain structure, GGAs manage to achieve the four functions of an AP adaptor (cargo, clathrin, accessory protein and membrane binding) within one relatively small (70 kDa) polypeptide chain.
Endocytic cargo protein binding
Short linear sequences of amino acids, termed 'trafficking motifs', found on the cytoplasmic portions of transmembrane protein cargo, largely determine the routes between membranes along which a protein is trafficked (reviewed in [42] ). They do so by interacting with a cargo adaptor that will be incorporated into the coat of a vesicle, which is destined to follow a given trafficking route. The motifs that specify incorporation into an endocytic coated vesicle include Tyr-Xaa-Xaa-(where ' ' is again a bulky hydrophobic residue), acidic di-leucines [(Asp/Glu)-Xaa-Xaa-XaaLeu-Leu], Asn-Pro-Xaa-Tyr motifs and the covalently attached peptide ubiquitin. The only positive identification of a binding site for any of these is for Tyr-Xaa-Xaamotifs, which are bound by the µ2 subunit of the AP2 adaptor [30, 31, 43] . Di-leucine motifs bind to AP2 ( [44] and D.J. Owen and S. Honing, unpublished work), but to which subunit is unclear. Asn-Pro-Xaa-Tyr motifs found on members of the LDL (low-density lipoprotein) receptor family have been variously shown to bind to µ2 subunit ( [45] , and D.J. Owen, unpublished work) and to the specific adaptor/adaptors (so called since they themselves in turn bind to the AP2 adaptor), Dab2 and ARH [46, 47] . Ubiquitin is an endocytic motif in yeast [48, 49] , and now seems also to serve this function in higher eukaryotes [50, 51] . Ubiquitination of growth factor receptors such as the EGFR (epidermal growth factor receptor) by the proto-oncogene c-Cbl [50, 52, 53] appears to induce its internalization from the cell membrane, as well as marking it for incorporation into intraluminal vesicles of the late endosomes/MVBs. The latter results in the 'shutting down' of the receptor's signalling, and ultimately its degradation, when the MVB fuses with a lysosome. At present, the best candidates for a ubiquitin adaptor are the epsins, since they contain several UIMs (ubiquitin-interacting motifs) [54] , as well as binding sites for PIP 2 (phosphatidylinositol 4,5-bisphosphate), clathrin and the AP2 adaptor (see the next Section). The epsins may also be involved in driving membrane curvature during CCV formation [55] . However, it is likely that there are other parallel mechanisms by which ubiquitinated growth factor receptors are endocytosed, such as that proposed involving Cin85/endophilin [56, 57] . That ubiquitination signals internalization via an adaptor other than AP2 is supported by the recent evidence that cells with non-functional AP2 are able to internalize EGF-activated EGFR, but not proteins containing standard Tyr-Xaa-Xaamotifs [58, 59] . The endocytosis of members of the huge family of seven-transmembrane, helix-spanning receptors is little understood, but, as in the case of LDL receptor family members, uses specialized adaptor/adaptors termed the arrestins. Unlike the LDL receptor adaptor/adaptors that interact with the α-appendage of AP2 (see below), the arrestins are believed to bind to the β2-appendage [60] and also directly to clathrin and PIP 2 [61] .
Some transmembrane cargo proteins have only very short cytoplasmic tails, e.g. 12 amino acids of LAMP1 (lysosomalassociated membrane protein 1), which contain only one trafficking motif. Others, such as the endoprotease furin, have cytoplasmic tails of hundreds of amino acids that contain several trafficking motifs, allowing that protein to move along different trafficking pathways throughout the cell. The cytoplasmic loops of polytopic membrane-spanning proteins (e.g. cystinosin and mucolipin) may possess trafficking motifs in more than one of their cytoplasmic portions. In many instances, the cytoplasmic tail's only function is to direct trafficking, but in others, such as the growth-factor-receptor tyrosine kinases, the cytoplasmic domains are many hundreds of amino acids long and have other functions (in the case of EGFR signalling, via protein recruitment and kinase activity).
The most common endocytic trafficking motifs are the Tyr-Xaa-Xaa-motifs, which yeast two-hybrid studies indicated bound to the µ2 chain of AP2 [30] . Determination of the structure of the C-terminal domain (residues 160-435) of µ2 in complex with a variety of synthetic peptides corresponding to the endocytic motifs of a variety of receptors has explained the molecular basis of the interaction [31] (Figure 5 ). This has allowed the design of mutant forms of the subunit for use in a variety of in vitro and in vivo assay systems that have confirmed the identity of the residues involved in Tyr-Xaa-Xaa-motifs, and have been used to investigate aspects of CCV formation in greater depth ( [59] , and D.J. Owen and S. Honing, unpublished work). The tyrosine and residues fit into chemically compatible pockets made from residues conserved in all µ subunits (Figure 5 ), while the peptide backbone of the motif forms an additional strand along the edge of a preexisting β-sheet in µ2 to increase the strength of binding. Determination of the structure of complexes with larger peptides has revealed a third site N-terminal to the tyrosine residue that can also bind a hydrophobic residue, making the interaction akin to a three, and not, as previously assumed, a two, pin plug with its socket [43] . The 'Xaa' residues between the tyrosine and the residue determine the specificity of a motif's interaction with the various µ chains [62] (e.g. an arginine at position Y + 2 gives maximal binding to µ2 due to it packing against a tryptophan residue not found in µ3 and µ4 [31] ).
Accessory adaptor/regulatory protein binding
Many endocytic accessory adaptors, including epsin, AP180/CALM, Dab2 and ARH, and regulatory proteins, including amphiphysins, AAK1, GAK, auxilin and synaptojanin, bind to AP2 through interaction with the appendage domains found at the very-C-termini of the α and β2 subunits [26, 63, 64] . Despite little sequence identity, the two appendages have very similar structure, comprising an N-terminal β-sandwich domain and a C-terminal mixed 'platform' domain ( Figure 6 ). The key to the interaction with the appendages is the presence of Asp-Pro-(Trp/Phe) or Phe-Xaa-Asp-Xaa-Phe motifs in the unfolded linker regions of the accessory proteins that connect their folded domains [65] . These motifs bind to a single hydrophobic pocket on the platform subdomain of both appendages, whose identity was initially established by mutating surface residues in the pocket [63] , and later confirmed by determining the structure of a complex of the α-appendage with Asp-Pro-Phe and Asp-Pro-Trp synthetic peptides ( Figure 6 ) [66] .
The interaction of a single tripeptide with this pocket is relatively weak, having a K d of approx. 100 µM [63] . This type of interaction facilitates the establishing of the dynamic network of proteins that make up the CCV formation machinery. In addition, this type of interaction allows flexibility in relative strength of binding of multiple proteins to a single site, since the number of copies of the motif on a protein ligand governs the overall strength of binding. Hence the relative quantity of any given accessory protein in a coated pit is defined by the number of motifs present in it.
AP1 and the GGAs also recruit an array of accessory adaptors/regulatory proteins during CCV formation at the TGN, including γ -synergin, epsin R, p56, Eps15 and rabaptin 5 [41, [67] [68] [69] . They bind through the γ -appendage of AP1 and the homologous GGA appendages using an Asp-PheXaa-Xaa-motif [40] . The γ and GGA appendages have a structure similar to the sandwich domains of the α and β2 appendages, which, in α and β2, have no defined function as of yet [41, 70] . The interaction of Asp-Phe-Xaa-Xaa-motifs with the GGA and γ appendages is β-augmentation, with the phenylalanine and residues slotting into pockets giving an interaction with a K d of between 15 and 100 µM, dependent on the identity of the 'Xaa' residues [40] .
Structure of the AP2 core
Attempts to produce samples of AP adaptors from tissue of sufficient purity and quality for structural studies proved unsuccessful for many reasons, and expression of any An 'artist's impression' of the whole AP2 adaptor complex coloured by subunit, as in Figure 7 . The appendage domains and core structures were solved by X-ray crystallography. The flexible linkers joining the appendages to the trunk domains have been modelled in an extended conformation in line with structure predictions of these regions as being unfolded low-complexity regions and proteolytic and CD studies.
complete AP2 subunit in Escherichia coli resulted in only insoluble material. In order to produce soluble recombinant material, all four subunits had to be co-expressed. This was achieved using two plasmids with identical vector backbones, but different antibiotic resistances, each encoding two subunits [71] . One ampicillin-resistant plasmid contained the β2 (N-terminal His 6 tag) and µ2 genes, and the other, kanamycin-resistant plasmid contained the α [C-terminal cleavable glutathione S-transferase (GST) tag] and σ 2 genes. The high protease sensitivity of the α and β2 linkers made them extremely susceptible to proteolytic degradation during expression, and consequently intact whole AP2 complex could not be produced. However, early proteolytic studies defined a stable 'core' of the complex that comprised the N-terminal two-thirds of the 'trunk' domains of α and β2 and the entire µ2 and σ 2 subunits. This complex could be successfully made in large quantities, and was crystallized in the presence of D-myo-inositol 1,2,3,4,5,6-hexakisphosphate (IP 6 ), which is commonly used as an polyphosphatidylinositol head-group mimic.
The AP2 core is highly compact (Figure 7) . In one view, it appears as a rectangle of about 100 Å × 80 Å , in line with electron-microscope images [25] . The outside of the rectangle is formed by the trunk domains of the α and β2 subunits, which are similar, highly curved α-helical superhelical solenoids (shown in blue and green respectively in Figure 7 ). The small σ 2 subunit and the homologous N-µ2 domain (shown in gold and dark purple respectively in Figure 7 ) nestle in the 'elbows' of the large α and β2 subunits, each pair forming a tight heterodimer that together form a shallow 'dish' in which the C-µ2 domain (shown in magenta in Figure 7) sits. An IP 6 molecule is bound between adjacent complexes in the crystal, binding simultaneously into two binding sites, one on the α subunit of one complex, the other on the µ2 subunit of the second.
The α and β2 trunk domains have an α-α superhelical fold, with each α-helix of between 4 and 6 turns. The orientation of the helices slowly changes along the length of the superhelix so that the axis of the superhelix gently curves through ≈90
• from start to end. The curvature allows the N-termini of the α and β2 trunks to hook around σ 2 and N-µ2 respectively. The folds of σ 2 and N-µ2 are structurally almost identical to each other, a five-stranded β-sheet flanked on either side by α-helices. Despite a lack of significant sequence homology, they share a strong structural similarity with domains of the SNARE proteins Sec22b and Ykt6p and the α subunit of the signal recognition particle. The structure of the AP2 complex suggests that the σ 2 and N-µ2 domains perform a predominantly structural role, stabilizing the core of the tetrameric adaptor assembly. Each subunit makes at least some contact with a portion of every other subunit. Subunits α/σ 2 and β2/N-µ2 form related large/ small subunit heterodimers, with similar extensive interactions. The interfaces between a large and a small subunit bury approx. 30% of the total surface area of the small subunit. The interfaces are mainly hydrophobic in character, with several buried and therefore strong electrostatic interactions.
The high susceptibility of the linkers between the appendages and trunk domains of the large subunits [72] and CD studies on recombinant hinges (D.J. Owen, unpublished work) suggest that, in intact AP2, the linkers are flexible, extended and thus are not amenable to protein crystallography. However, using this information, along with the structures of the folded domains, a model for the whole complex can be produced (Figure 8 ).
Polyphosphoinositide (PPI) binding
PPIs have been implicated in many different vesicle trafficking events, including endocytic vesicle formation (reviewed in [73] ). In the cell, PIP 2 is concentrated on, and serves as a marker for, the plasma membrane, where it is bound by many endocytic proteins, including AP2, AP180/CALM, HIP, epsin and dynamin ( Figure 9 ). The AP2 complex had previously been shown to bind to the membrane PPIs PIP 2 and PIP 3 (phosphatidylinositol 3,4,5-trisphosphate) at the N-terminus of the α subunit [29] . PIP 3 is at lower overall levels in the cell than PIP 2 , and can be synthesized from PIP 2 at sites of endocytosis by the clathrinactivated phosphoinositide 3-kinase (PI3K) C2α [74] . It could therefore play a role in concentrating AP2 into nascent CCVs where clathrin is localized.
In the structure, IP 6 uses two pairs of its phosphate groups to mimic the 4-and 5-position phosphates of two PIP 2 molecules. One pair is bound to residues at the very-Nterminus of the α subunit, and the other pair is bound at a previously unknown site in the µ2 subunit (Figure 8 ). The identification of this new PIP 2 -binding site has been subsequently confirmed by mutagenesis work both in vitro and in vivo [27] . IP 6 can therefore be considered as crosslinking the AP2 core molecules in the crystal. In both binding sites, IP 6 is contacted only via its phosphate groups by the tips of mainly lysine, but also tyrosine, side chains, like a ball balanced on the fingertips of a half-closed hand, as has been shown for AP180/CALM [75] , rather than being bound in a pocket, as is the case with epsin [55] (Figure 8 ). The two PIP 2 -binding sites on AP2 are, however, on perpendicular faces of the complex, being separated by some 80 Å [71] , implying that both cannot simultaneously be in use when AP2 is in this conformation (see below).
Endocytic motif binding
In the conformation of the AP2 core determined, the TyrXaa-Xaa-motif binding site is blocked by portions of the β2 subunit (Figure 10 (Figure 10 ). The residues that form the peptide tyrosine side chain (Y) binding site, with the exception of µ2Trp-421, have good electron density, indicating that the tyrosine binding pocket is thus largely pre-formed. Is this 'closed' conformation relevant to the in vivo situation? The large buried surface area and high degree of shape and electrostatic complementarity between the C-µ2 and the rest of the complex indicate that it is. Assuming that this 'closed' conformation does occur in vivo, a conformational change must be induced in the complex to allow it to bind to endocytic signals, i.e. AP2 must possess at least one 'open' conformational state. Conformational Figure 11 Model of the activation of AP2 by phosphorylation (A) AP2 core binds to the membrane via the PPI-binding site at the N-terminus of α, which has been shown to be crucial for AP2 recruitment. The Tyr-Xaa-Xaa-( xxY) site on C-µ2 is inaccessible. The PPI-binding site on C-µ2 is on the perpendicular face of the core and cannot interact with the membrane. (B) A proposed conformational change triggered by phosphorylation of µ2Thr-156 and the presence of the membrane allows C-µ2 to bind cargo via its Tyr-Xaa-Xaa-motif, and both PPI-binding sites to interact with the membrane. changes in AP2 have previously been suggested on the basis of the observations that when AP2 is incorporated into clathrin coats, its proteolytic sensitivity changes, and cross-linking to Tyr-Xaa-Xaa-peptides is enhanced [72, 76] .
Regulation of AP2 by phosphorylation
Co-ordinating and regulating the varied functions of AP2 is vital to the stepwise formation and disassembly of CCVs. AP2, like many other proteins in the endocytic CCV assembly machinery, has long been known to be a phosphoprotein, and more recently has been shown to be phosphorylated on the α, β2 and µ2 subunits in the cell [77] . The phosphorylation of µ2 is the best characterized; the function and even position of the phosphorylation events on α and β2 are unknown. µ2 phosphorylation is catalysed by the protein kinase AAK1, which binds through Asp-ProPhe motifs to the α-appendage [78] . AAK1 phosphorylates a single threonine, µ2Thr-156 [78, 79] , which is located in the unstructured linker between the two domains of µ2. AP2 isolated from tissue that is phosphorylated on µ2Thr-156 binds more tightly to both Tyr-Xaa-Xaaand acidic di-leucine signals [80, 81] . Recombinant AP2 cores phosphorylated only on this residue to a stoichiometry of greater than 95% (D.J. Owen and S. Honing, unpublished work) show a 10-20-fold increase in binding to both TyrXaa-Xaa-and acidic di-leucine signals. This suggests first that the conformational change that allows endocytic signals to bind is induced by phosphorylation, and secondly that TyrXaa-Xaa-and acidic di-leucine signal binding sites must be both buried in the conformation of AP2 determined and become exposed during this conformational change.
The exact nature of this conformational change can only be speculated on at present, as no structure of an 'open' conformation exists. However, by taking into account several pieces of information a model has been proposed [71] in which µ2 becomes freed from the depression in which it sits and rotates about its unstructured linker until it's long axis is parallel with the plane of the membrane (as depicted in Figure 11 ). This would allow its two PIP 2 /PIP 3 -binding sites, that in the 'closed' conformation are located on perpendicular faces of AP2, to bind simultaneously to PIP 2 in the membrane, since they are both now in the same plane. It would also allow type I membrane proteins, whose Tyr-Xaa-Xaa-motif is separated from the membrane by the minimal permissible spacing of only six [82] amino acids, to bind, since in the closed conformation the Tyr-Xaa-Xaamotif would be unable to reach its binding site in the required orientation. That such a phosphorylation-induced conformational change occurs is in line with the observation that the alteration in K d for phosphorylated versus nonphosphorylated forms of AP2 results only from a change in k on and not in k off , i.e. the non-phosphorylated form has to undergo a conformational change to become motif-bindingcompetent, which the phosphorylated form does not (D.J. Owen and S. Honing, unpublished work).
In summary, in the light of all the available data, the following model for AP2 function, which may also apply to other clathrin adaptors that bind to PPIs, clathrin and cargo, can be proposed. Inactive 'closed' AP2 becomes concentrated at sites of endocytosis on the plasma membrane due to its interactions with the plasma membrane phospholipid PIP 2 and also possibly with other membrane-associated proteins. Here, it is phosphorylated by the protein kinase AAK1 that is localized at sites of vesicle genesis through its interaction with the α-appendage. Phosphorylation, in combination with other factors, including the electrostatic attraction of the negatively charged membrane surface for the basic surface of µ2, would result in the complex assuming an 'open' conformation with high affinity for protein cargo. This 'open' AP2 complex, bound to its cargo, would then be incorporated into nascent CCVs through the interaction of the clathrin binding motif in its β2 hinge with the already polymerized clathrin in the clathrin-coated pit. AP2 proteins with their bound cargo may become sequestered into clathrin-coated pits by virtue of the stronger binding of AP2 to PIP 3 than to PIP 2 , the PIP 3 having been produced by phosphorylation of PIP 2 by the clathrin activated PI3K C2α [74] . Finally, the membrane becomes sufficiently curved, due to the recruitment to the membrane of many PIP 2 /PIP 3 -binding proteins, including epsin and AP2, for dynamin to cause fission of the vesicle from the membrane [83] . In many cases, the dynamin is recruited through its interaction with the SH3 (Src homology 3) domains of the amphiphysins [84] , which can themselves also bind to the α-appendage and clathrin. The inclusion of lipid phosphatases such as synaptojanin [85] into CCVs, which again bind to the α-appendage, would ultimately result in the production of PI3P (phosphatidylinositol 3-phosphate) from PIP 3 following the 'pinching off' of the vesicle. PI3P is the polyphosphatidylinositol that marks the endosomal system [86] , which is the ultimate destination of these vesicles. The conversion of PIP 3 into PI3P would encourage uncoating of the vesicle by reducing the strength of AP2 binding to the membrane, since PI3P will not satisfy the electrostatic requirements of the PIP 2 /PIP 3 -binding sites. The presence of PI3P may also cause recruitment of PI3P-binding endosomal tethering proteins. Sometime during the process of coated vesicle formation the SNAREs, which catalyse the fusion of the uncoated vesicle with the endosome, must have been incorporated into the vesicle membrane, but the mechanism by which this is ensured is unknown.
A lot has been discovered about the structure and function of AP2 and its related AP complexes; however, even more still remains to be uncovered.
